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In 2009 after some years as external examiner, external lecturer, supervising students, 
I was offered the opportunity to become a full time academic at the Department of 
Mechanical and Manufacturing Engineering. This was an opportunity to kick-start a 
third career and an offer my family and I found generous and also a very good timing 
seen in a lifetime perspective. I was expected to lecture and supervise half of my time 
and research the other half. It was destined that I had to present my research results in 
a PhD thesis. The department and Aalborg University offered me five years to fulfill 
my obligations, five years of half time lectures and supervising and half time research 
and documenting the research. 
With LASAT Communication as an entrepreneur from the mid-80s to the end of 
the 90s, I was a practitioner with the responsibility of development and manufacturing 
of electronic consumer equipment. The products were at that moment state-of-the-art 
data communication boxes, modems (modulation-demodulation) which is analog 
electronic data equipment using the fix telephone lines as communication media (see 
figure I). The modems were developed in Denmark, manufactured in Far East, and 
sold in Europe and USA. As a result of extreme demands of data communications in 
the early 90’ created on rising numbers of personal computers and the spread of inter-
Fig. I. Example of a product based on platform and modules. 
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net for commercial and consumer use, the need for speed and cheap products was 
inevitable. Speed of data on analog modems rose from 300 bit/sec to 56.6kbs in less 
than a decade and, in the same time frame, there was an exponential growth in market 
volume, as well as the sales price per unit was falling from 1000$ to 50$. 
In general, every manufacturer of consumer electronics would face challenges as 
before mentioned. Developers and manufacturers of consumer electronic equipment’s 
had to introduce new and innovative cost reduction methods, and on top of that sever-
al were forced to search for methods to overcome demands for country specific prod-
ucts, by implementing new technology in a speed almost faster than development 
engineering departments could adopt it. At the same time concurrent requirements for 
increasing manufacturing volumes, and request of reducing cost per units was de-
manded too (see figure II). The most important answer to these demands was substan-
tial use of platform design and use of modules – terms well known to practitioners, 
engineers, designers and business managers today in concepts of fulfilling unique 
needs from costumers around the world, but those days in the early 90ties, we didn’t 
know. The platform design and the use of modules was used both as tools for sales 
and production planning as well as design rules implementing new technology. We 
implemented platform designs and postponed assembly of specific products as close 
as possible to sale as an answer to the request for high degree of flexibility but with-
out any skills and were successfully doing so just by coincidence and luck, and a lot 
of hard work. Today I know this is called mass customization. The practical and first 
hand experiences working with platforms and modules were the driver for initiating 
this PhD project. 
A project spanning almost five years, with a theoretical outset and with practically 
no limitation to the research questions has been one of my life’s biggest challenges to 
control. Goals and new goals have been set many times during this period. The pro-
ject has from time to time been left alone due to other interests (responsibilities) at the 
Fig. II. Growth in volume reduces the cost. 
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university. Coming back from other responsibilities re-starting the work with the pro-
ject has been given advantages as well as disadvantages to the project. Often, new 
knowledge has been gained in the project between, moving objectives and resulting in 
new and other task than previously scheduled.  
Regardless of these challenges, I succeeded in getting the project’s scope shifted 
from a general view and broad perspective into a researcher’s microscope and made a 
focus in an area of interest not only for myself but seems to contribute in a general 
exploitation of mass customization. During this process, I have to admit, probably as 
many other novel researchers before me that the road to the relative simple results and 
solutions seems to be endlessly complicated. 
Initially, I did some research to identify state-of-the-art of enablers and drivers for 
mass customization especially the modularization of products as an enabler for mass 
customization - got my attention. Modules can be specific parts as we recognized 
them from the car-industry, engines, wheels etc. On the other hand modules in a 
mechatronic product can be represented as functions either as physical components 
like the wheels or engines in a car or as software modules just as we recognized them 
in our smartphone apps or in the laptop as programs. Doing my industrial career the 
success of our modem products could be nailed to the intense use of software. From 
the very early product types to the final used product platforms, we removed almost 
all mechanical parts and exchanged the mechanical functions with functions in soft-
ware. Every small step moving from mechanical functions to software functions often 
replaced expensive mechanical parts with in-expensive software sub-routines One 
example would be a mechanical potentiometer regulating the loudspeaker volume, 
exchanged with a small software sub-routine would reduce not only the cost of the 
potentiometer but also require less space on the print circuit board and less space in 
the exterior of the product. Fewer components involved in the product would make 
the bill of materials shorter and cheaper, fewer components to mount making the 
manufacturing easier and the cost lower and on top of these advantages giving a po-
tential to change the representation of function in with new software versions. 
 Five years, is a long time if one have to focus on one issue only – early in the pe-
riod I recognized that it would be very difficult, if not impossible, if I had to keep 
close to the initial idea of the PhD project, and, luckily, in the same period the other 
half of my duties was practically much more than half. So relatively late in the five 
year period, the research has ended with the major contributions presented in this 
thesis, was defined as the research objectives. Previous research and results has not 
been useless; hence other colleagues with interest in these matters have gotten some 
ideas to work with it.  
Even though it has been a long stretch and some early work has been discarded at 
least for the thesis and time being, the major task in this period have always been to 
become researcher – going back, to read, reflect, and conclude. Being taught to be-
coming an academic through a PhD program involves a lot of effort, both from the 
PhD student and the university. Presenting a PhD-thesis is not the end objective for a 
PhD student, but finding the path to be able to defend a PhD-thesis and hopefully 
some kind of scientific contribution, are now-a-day what the government, university, 
and Doctoral schools in Denmark aiming for. Getting new researchers prepared for 
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future tasks and with highest possible standard. Those who make rules and regulations 
for PhD students are constantly on quality guard to ensure a PhD student is given the 
absolute best foundation becoming our future researchers. Formal requirements like 
participation in high level PhD courses, education in reading and writing academic 
papers, presentation techniques, months stays at foreign university working with other 
research groups, and participation in the daily scientific work in a research group 
forms Danish enrolled PhD students to become a world class researchers.  
My sincere thanks go to Aalborg University, The Faculty of Engineering and Sci-
ence, Doctoral School of Engineering and Science, and Department of Mechanical 
and Manufacturing Engineering for have confidence in me and educating me to be-
coming an academic. Although the government and university has the system for PhD 
education in place, I have never been a PhD student or even got close to deliver the 
thesis you have in hand, without the support from a lot people. I would like to thank a 
lot of people, who one way or another have been involved in this thesis.  
First of all, I would like to thank my supervisor Kaj A. Jørgensen. First, being my 
supervisor back in 1986 and after 23 years he still believed in me and made it all pos-
sible. Kaj has of all being a supervisor ensuring the academic challenges was alive 
and kept pushing high quality standards into the scientific work, Kaj will always be 
the research standard I will strive for in the future. 
Secondly, I would like to thank my colleague Thomas Ditlev Brunø. Thomas and I 
work like buddies even though we have a span of age, where Thomas could be my 
son. Our mutual passion for aviation has cracked many issues arising when working 
closely and daily together. Thomas has been my source of inspiration when it comes 
to scientific communication and Thomas has been there in endless discussions when it 
comes to the scientific work and to the contributions in this thesis.  
Thanks go also to Stig B. Taps, another close and good colleague of mine.  Stig 
has, like me, late in his career decided to become an academia and in the early 00s he 
got his PhD. So Stig has been a great source of inspiration, when it comes to the chal-
lenges being a “grown up” in a world with young folks as PhD student colleagues. 
Just as important, I would like to thank my family; first, for the tolerant and patient 
attitude when I stress, secondly for support to the project of becoming an academic, 
and great thanks especially to my lovely wife Marianne for always being there. 
Thanks to my son Lasse and daughter Line for their interest in the project. Thanks to 
Carlo, my dog for the daily support. 
Finally to all my colleagues at the department and all my friends showing interest 
in the project, thank you for your great support.   
 
 









Dansk sammendrag (Danish Summary) 
 
Denne afhandling omhandler de udfordringer 
der kan opstå ved indførelse og drift af mass 
customization virksomhedsstrategi (kundetil-
passede produkter). Dels i hvilken grad det er 
muligt at måle fremdriften i indførelsen af 
mass customization, og dels i hvilken grad 
kundetilpassede produkter kan tilpasses en 
grøn og miljøvenlig tilgang. 
En undersøgelse fra 2012 viser at 17 % af 
de virksomheder der forsøger sig med at indføre mass customization strategien, inden 
for det første år indstiller mass customization aktiviteterne. Listen af virksomheder 
der forgæves har forsøgt sig, indeholder blandt andre den kendte jeans virksomhed 
Levi Strauss Company. Undersøgelsen gav ingen indikation hvorfor 17 % af de virk-
somheder der iværksatte en mass customization strategi, ikke fik succes eller i hvilken 
grad de øvrige havde succes. Dette faktum at der ikke findes et grundlag for at måle 
mass customization er det ene udgangspunkt for denne forskning. For 2 årtier siden 
blev mass customization introduceret, men først i 2009 blev det påvist af tyske forske-
re at det at kunne håndtere mass customization stategi kræver kapabilitet i 3 funda-
mentale områder.  1) styring af produktudvikling, 2) robuste produktion processer, og 
3) styring af produktdata, netop denne viden er grundlaget for det andet udgangs-
punkt. Afhandlingen påviser at det er muligt dels at opbygge en rammestruktur for 
målinger med udgangspunkt i de 3 fundamentale kapabiliteter og dels at det er muligt 
påvise en række metrikker der kan måle mass customization processen indenfor disse 
3 fundamentale kapabiliteter. Metrikkerne giver mulighed for målingerne der baseret 
på kendte og tilgængelige data der forefindes i stort set alle virksomheder – hvilket 
gør det relativt let at tilpasse eksisterende driftssoftware, således at afhandlingens 
resultater kan anvendes i industrien. 
Udover de nævnte metrikker har forskningen der ligger til grund for afhandlingen 
ført til ny viden om sammenhængen mellem mass customization og miljørigtig til-
gang. For effektivt at kunne levere kundetilpassede produkter kræves det at produk-
terne er bygget på moduler, som med LEGO klodser at kunne bygge produktet ud fra 
kendte moduler. At forberede produkterne til modulopbygning kræver at der anvendes 
forskellige værktøjer og metoder som er ganske velkendte i f.eks. bilindustrien. På 
lignende vis er der over de seneste årtier opbygget metoder og værktøjer der støtte 
virksomheder i at udvikle og designe miljø rigtige og grønne produkter. Denne af-
handling påviser at de anvendte metoder og værktøjer for henholdsvis at kunne for-
følge en mass customization strategi og have en miljørigtig tilgang med virksomhe-
dens produkter, ikke forhindres og i flere forhold understøtter de forskellige mål der 
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English Summary 
 
This thesis addresses issues in management of 
mass customization: 1) the ability to assess 
and measure mass customization progress, 2) 
in what degree supplement mass customiza-
tion sustainable product design.  
Mass customization is a business strategy 
to approach customers with one of kind prod-
ucts. Following this strategy, business manag-
ers has several pit falls and barriers to become 
and maintain being a mass customizer. A recent survey has exposed these barriers 
being a mass customizer culminates with massive 17 % unsuccessful companies fail-
ing the mass customization business strategy within the first year. In the list of unre-
warding mass customizers is well known jeans company Levis. 
Mass customization has been around for the last two decades but first recently a 
structural approach to mass customization was acknowledge addressing mass custom-
ization with three fundamental capabilities. This novel research has opened for re-
search in the direction of supporting industrial applications of mass customization. 
The three fundamental capabilities covers 1) development of products – solution 
space development, agile and flexible manufacturing, 2) robust process design, and 3) 
product configuration and product specifications – choice navigation. Altogether, 
three capabilities embracing the mass customization processes.  
The previously mentioned survey has no indication of what makes mass customiz-
ers successful or not. Hence, this observation has been the foundation for this thesis, 
i.e. to establish a framework and identify key performance indicators, which will as-
sist practitioners in how to become a mass customizer and how to maintain such a 
development. This thesis presents metrics achieving assessment and measuring within 
the three fundamental capabilities in given areas of the mass customization progress. 
The data for these metrics are based on availability in currently used IT systems, 
which make it possible to develop industrial applications. 
Besides the metrics for mass customization, this work presents findings in sustain-
able mass customization. One enabler for mass customization is modularity, and sev-
eral methods and tools for modularity has been presented and implemented during the 
last two decades in companies around the world. Some are for preparation to become 
a mass customizer and others can support the fact that modular products offer several 
benefits in manufacturing. The automotive industry, for example, has adopted modu-
larity long time ago, seen as the ultimate exploiting in VWs setup in cross brand 
modules.  This research contributes with new knowledge about becoming a mass 
customizer using the procedures, methods and tools for modularity and at the same 
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This chapter presents the foundation for the scientific work as well as some consider-
ations or initial problem analyses made prior to final decision about research para-
digm, methods, problems and specific research questions. Relations between the aca-
demic work presented in this thesis and consideration in direction of industrial appli-
cations is a part of this introduction as well. The chapter has been organized in two 
sections with modules and sustainability as the first section, and mass customization 
as the other. The correlation between the considerations, the research and results in 
papers included in this thesis are part of the presentation in these sections. 
1.1 Modules and Sustainability 
Modules and platform designs have been around for decades, our Swedish colleagues 
Ericsson and Erixson [1999] presented in the 90s tools to recognize the best candi-
dates of modules in a product, successfully used by Scania and other successful major 
companies in Sweden. Methods and tools focusing on mechanical parts and with driv-
ers giving the company advantage in business competition and improving the compa-
ny’s profit; others like Ulrich and Eppinger [1991] have presented similar tools with 
different drivers for platforms and modules. Since the early days of mass customiza-
tion, Pine [1993] and other researchers [Davis, 1989; Gilmore & Pine II, 1997; Tseng 
& Jiao, 1996] have pin pointed modules as the major enabler for mass customization, 
but lack of knowledge about the drivers for modules in relation to mass customization 
pointed to research on the relationship for enablers and drivers in relation to mass 
customization.  When doing this part of the project and doing work with sustainabil-
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ity, it was recognized that tools and methods used to develop sustainable products are 
similar to those used for modularity – different enablers and various drivers aiming at 
different kind of sustainable objectives and design rules. Because of the research and 
analysis of the drivers for modularity, the inspiration to such analysis as well for sus-
tainability was implemented in the project. Would it be possible to design products 
aiming for maximum flexibility, with modules and platforms in a mass customization 
environment and at the same time are able to follow drivers and rules in sustainable 
designs? Or with another viewpoint, would sustainable design rules or drivers be in-
terfering with drivers for modularity?  Drivers for modularization and rules for sus-
tainability have been compared to address any fit or mismatch between these design 
roads. Paper 1 included in the thesis is a documentation of this research carried out as 
a comparison of selected methods for modularity and selected rules for sustainable 
design and paper 3 presents the result of an explorative analysis of the hierarchy of 
ECO design and mass customization. Furthermore this research has been extended to 
analyses of sustainable handling of products in the phase of end-of-life, because of the 
nature of mass customized products, the uniqueness products, disassembly and other 
typically used standardized methods in end-of-life can be expected to cause problems 
for mass customized products. Paper 2 included in this thesis is a documentation of 
this work. 
1.2 Mass Customization 
Mass customization is one strategy to follow if Danish industry is to keep up with the 
(growing) competition from other nations. Since the economic crisis (started in 2008), 
the world been set on hold, political winds seem to ease the load of Danish industry 
Fig. 1. Mass production and craft production are coined, to mass customization by Davis 
[1987] – in the early days an oxymoron; today well known business strategy. 
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with lower taxes and other political tools to make the industry including the work-
force global competitive. Unfortunately, recent research has indicated that becoming a 
mass customizer has its challenges – a survey reveals that up to 17% of companies 
started to become mass customizers fall out of the mass customization strategy within 
the first year [Walcher & Piller, 2012]. A lot of start-ups and new businesses are 
among the 17% but industry leading companies like Levi Strauss Company have left 
the mass customization strategy as well. A scientific investigation of root-cause for 
the 17% has not been part of the survey so any assumption of root-cause is as good as 
others when accounting for the results. It is questionable to which degree mass cus-
tomizers have evidence about their mass customization status or progress because no 
such holistic knowledge of methods or tools to analyze mass customization progress 
was present before when this project was initiated. The missing information about 
mass customization progress or industrial application assisting managers at any level 
in decision the making progress implementing and managing mass customization 
have been the outset for the rest of thesis. This part of the thesis is the principal part 
with both research results ready to use, but also a potential opening for several new 
scientific hypothesis and research project. 
Measurement of a progress has never been a trivial task even though it seems obvi-
ous that implementing a measurement tool could straightforward. Since the early days 
of mass customization, drivers, enablers, methods, and tools have been presented as 
the unquestionable road in quest of assisting the industry becoming a mass customiz-
er, which the state-of-the-art sections indicate strongly. It seems that most researchers 
needed a light house to take the big step in mass customization, a light house like the 
book “mass customization – the new frontier in business” [Pine, 1993] – which was 
the first business approach to mass customization strategy. Followed by the next big 
light house – and a lot of smaller light houses in between – but a really big light house 
Fig. 2. 17 % of companies have failed challenging mass customization within the first 
year [Walcher & Piller, 2012] 
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came in 2009 from Salvador, de Holan and Piller with “Cracking the Code of Mass 
Customization” [2009]. They introduced the three fundamental capabilities in mass 
customization, i.e. the definition of three fundamental capabilities. Hence, a feasible 
foundation for work like the research in this thesis was introduced. It gave an oppor-
tunity to share the work with equal minded peers as well as non-academia. Pine 
[1993] pinpointed that companies going to follow mass customization strategies 
should consider if they had the drivers enablers for mass customization, i.e. need for 
unique products or product variety and would they be able to follow some of the ele-
mentary enablers such as using modules, and postponement in manufacturing. The 
latter authors have on the other hand pinpointed the need for solution Space Devel-
opment (product development, skills), Robust Process Design (manufacturing and 
process skill), and Choice Navigation (configuration skills).  
Solution space development as defined by Salvador et al. [2009] is a matter of 
identifying your customers need before they know the needs and accordingly decide 
which products or variety you will offer your customers. One example of following 
this approach is the way Fiat managers chose the design and developed offered varie-
ty for the new Fiat 500, using tools offering potential customers before the Fiat 500 
was finally designed asking these potential customers what kind of expectations and 
variety would they prefer in the new Fiat 500 – with more than 100.000 replies, Fiat 
was overwhelmed with design ideas and suggestions of varieties, enough to choose 
from and one of the sources for the variety offered, when the Fiat 500 finally was 
launched [Salvador et al., 2009]. This is a program, which still exists – open for all 
interested – and with rewards for the month’s best idea. Fiat will for next many years 
have a source for solution space development of Fiat 500. 
Robust Process Design is defined as the capability of re-using and re-combining 
organizational and value chain resources to fulfill differentiated customers’ needs; 
Fig. 3. Example of Choice Navigation/ product configuration – FootJoys (source: 
www.myjoys.com) 
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both in manufacturing systems as well as human resources. Just a decade ago, the 
term flexible automation would have been a contradiction. The German automotive 
industries have proofed otherwise and in Denmark, major manufactures as Grundfos 
have invested in research supporting flexible automation. Heavy research assisting the 
industry in flexible automation is evident and an early indication of European Union’s 
next research platform Horizon 2020 has this research as a major focus area. Exam-
ples from BMWs Mini production clarify that Mini manufacturing can be changed 
with small manufacturing cell called MobiCells [Wiendahl et al., 2007], the time from 
defined task until operation can be as low as few days [Mortimer, 2007; Piller et al., 
2012b].  
The last of three capabilities, Choice Navigation, expresses that a company’s abil-
ity to support customers in identifying their own problems and solutions, while mini-
mizing complexity and burden of choice. As the Footjoy golf shoes product configu-
rator or the example with M&M (see figure 3 and figure 4), the customer is taught to 
configure and on the other hand the configurator collects data about preferred choice 
and selection, which can assist the system in addressing styles and variants fulfilling 
the customers’ needs. Regardless whether the customer purchases the product, valua-
ble information has been collected about customer needs and the individual custom-
ers’ preferences.  
In this research, it was recognized that few contributions of “how to assess and 
measure” the above mentioned three fundamental capabilities have been made. On the 
other hand reviews also indicate that the years before the three fundamental capabili-
ties were published, only few have worked on tools and methods assisting mass cus-
tomization strategy and industrial applications. Some work was done in the early 00’s, 
but they seem to have foundered for unknown reasons, possibly because no such 
foundation as the three fundamental capabilities existed.  
 The work with the above presented three fundamental capabilities have been used 
as the foundation for the research to present methods and tools to assess and measure 
a given mass customizer’s mass customization management, with the objective of 
assisting him in 1) becoming a better mass customizer and 2) be able to benchmark 
against other mass customizer, 3) benchmark against mass customizer companies best 
in class.   
This thesis will contribute with 1) new knowledge in the field of mass customiza-
tion 2) new knowledge of metrics and key performance indicators for mass customi-
zation, 3) and finally new knowledge about the relationships between drivers for sus-
tainable product design view and drivers for mass customization.  
The thesis has been organized in two parts; the first part is the main thesis, which 
beside this Introduction has a State-of-the-art chapter, a chapter with scientific ap-
proach and methods, a chapter with objectives, hypotheses and research questions, 
two chapters with results, and finally conclusions with perspectives and further re-
search. The second part includes the nine main scientific papers, which have been 















This chapter presents state-of-the-art in mass customization. The state-of-the-art has 
been divided into three sections addressing the different domains involved in the re-
search covered by this thesis.  
2.1 Mass Customization and Capabilities 
Mass Customization is long known as a competitive strategy for delivering individu-
ally customized products at costs near mass production, bringing inexpensive tailored 
products to the end customer. Applying mass customization implies a number of ben-
efits to companies: The ability to charge a price premium [Gilmore & Pine, 2000; 
Piller, 2004; Pine et al., 1993]  and economies of integration giving access to market 
information and customer loyalty [Piller et al., 2012b; Salvador et al., 2009; Walcher 
& Piller, 2012]. Prominent examples of mass customization includes customized 
computers from Dell, which are all configured to individual customers’ requirements, 
Custom shoes from Adidas or Nike as well as the car industry where mass customiza-
tion is widely adopted allowing customers to configure hundreds of different options 
within a specific car model or as M&M offer chocolate (see figure 4). 
Stan Davis was the first to coin the term “Mass Customization” in his bestseller 
Future Perfect in 1987 [Davis, 1987; Davis, 1989]. Following this, companies around 
the world have recognized mass customization in an attempt to avoid consequences of 
trying to meet every customer's need [Gilmore & Pine II, 1997; Gilmore & Pine, 
2000; Gilmore & Pine, 2007]. 
In the shift of paradigm from mass production to mass customization, manufactur-
ers have increased significantly the number of product varieties offered to consumers 
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over the past several decades. An example, the number of distinct vehicle models in 
the U.S. increased from 44 in 1969 to 165 in 2006 [Hu, 2013]. Within each model, 
there can be many choices on the powertrain and interior combinations. Another ex-
ample is the styles of running shoes offered by Nike or Adidas or golf shoes offered 
by FootJoy (see figure 3). All three companies have adopted the mass customization 
strategy and have increased from few models to many models with almost infinitive 
variety. New research has intensified in building user needs, using 3D scanners and 
3D models [Fogliatto et al., 2012; Piller et al., 2012a], which could bring manufactur-
ing process to the ultimate 3D printing process [Klein et al., 2013]. The increase has 
been driven by the need to provide high variety and highly customized products in 
response to the idiosyncratic customer needs and customer preferences [Salvador et 
al., 2009]. 
It has long been known that shifting to a mass customization focus has proven dif-
ficult in practice, and many companies have made an attempt, but failed and returned 
to a traditional mass production strategy with economic loss [Pollard et al., 2011; 
Zipkin, 2001]. For this reason, much research has focused on identifying the different 
enablers for achieving mass customization. Silveira et al. and Fogliatto [2001; 2012]  
present an overview of the research into mass customization enablers, which by 
Fogliatto et al. [2012] is divided into the categories: 1) Methodologies, 2) design pro-
cesses, 3) manufacturing processes, 4) supply chain coordination, 5) manufacturing 
technologies and 6) information technologies.  
The reason why shifting to mass customization is so difficult is that it is fundamen-
tally different than mass production. In product development, families of products 
must be developed instead of individual products. In the sales process, vast amounts 
of information must be exchanged between customer and company to configure the 
Fig. 4. Example of product configuration – M&Ms (source: www.mymms.com ) 
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right product and allowing the company to manufacture it. In manufacturing, products 
are manufactured in batches of one as opposed to mass production where batches are 
hundreds or thousands of identical products. This basically renders a mass production 
system useless in relation to mass customization manufacturing.  
In relation to logistics, a specific product must be moved from the manufacturing 
facility to the end customer, whereas in mass production a number of products are 
shipped from the manufacturer to a warehouse to a retailer where it is sold to the end 
customer. This further introduces a challenge since mass customization products can-
not be stocked and can only be produced once a customer order is given. All the chal-
lenges described above need to be addressed if a company wishes to pursue an mass 
customization strategy, which in many cases has proven more difficult than anticipat-
ed. 
Recent research has shown that the ability to transform a business into a successful 
mass customization business depends largely on three fundamental capabilities (see 
figure 5) [Salvador et al., 2009]: 1) Robust Process Design – Reusing or recombining 
existing organizational and value chain resources to fulfill a stream of differentiated 
customer needs, 2) Solution Space Development – Identifying the attributes along 
which customer needs diverge and  3) Choice Navigation – Supporting customers in 
identifying their own solutions while minimizing complexity  and the burden of 
choice. Hence a company mastering each of these three fundamental capabilities has 
increased chances of succeeding as a mass customizer. Although these three capabili-
ties are identified and described, mass customization companies are still faced with a 
challenge when evaluating their capabilities to identify where performance lacks since 
no integrated method is available serving this purpose. A number of isolated perfor-
Fig. 5. Three fundamental capabilities Solutions Space Development, Robust Process 
Design and Choice Navigation, according to Salvador et al. [2009] 
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mance measures for mass customization has been presented in literature, which will 
be presented in the following related to each of the three mass customization capabili-
ties.  
Robust Process Design 
Related to robust process design, some research has also focused on evaluation and 
benchmarking. Yang & Li adapted a method for evaluating a firms manufacturing 
agility to assess their mass customization manufacturing capabilities [Yang & Li, 
2002]. Blecker et al. [2003a; 2003b] introduced a number of performance indicators 
in relation to mass customization manufacturing; however these were intended to 
support decisions regarding product variety rather than assessing manufacturing capa-
bilities. Zhang et al. [2011] analyzed the relationship in mass customization manufac-
turing firms between the independent variables: product elicitation process, flexibility 
in design, usage of advanced manufacturing technologies, just in time supply chains, 
and integrated logistics information system and the dependent variables: Cost, Prod-
uct/service quality and financial performance. Using a large sample of mass customi-
zation firms, this research is useful for identifying factors influencing robust process 
design; however it is less useful for assessing individual firms’ performance since it is 
based on qualitative assessments by managers. Daaboul et al. [2011] introduced a 
number of metrics related to the robustness of processes, however in the context of 
balancing the customer value of product variety with the cost of increasing process 
variety needed for customizing products.   
A gap analysis of the state-of-the-art in Robust Process Design indicates that pre-
sent contributions identify agility, variety and other factors related to flexible manu-
facturing decisions rather than assessing and measuring the robust process design 
progress.  
Solution Space Development  
Kumar [2004] formulated a number of metrics for customization, mass production 
and modularity, thereby measuring the number of modules, combinations and theoret-
ical production volume per module. These metrics are useful in relation to describing 
the variety of a product family; however less useful in relation to assessing whether 
some options are configured less frequently than others potentially rendering them 
less profitable. Furthermore, these methods do not enable assessment of whether the 
variety offered is actually the variety demanded by customers. Several authors ap-
proach the design problem in developing mass customization products effectively by 
quantifying customer value and estimating product cost [Gonzalez-Zugasti et al., 
2001; Jiao & Tseng, 2004; Martin & Ishii, 2002]. However, none of these are found to 
provide metrics which are useful for assessing an existing solution space. Blecker et 
al. [2003a] presented an extensive system of metrics for variety steering very relevant 
for assessing solution space development.  
Based on a sub-process model representing the essential sub-processes of mass 
customization a number of metrics are identified to form a system able to assist in 
making decisions regarding variety. Hence the work aims at providing a tool for solu-
tion space decisions rather than providing an assessment. Schuh et al. [2011] devel-
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oped an integrative assessment tool for assessing metrics such as “fit of variety”, 
“product architecture flexibility” and “explainability at point of sale” along with man-
ufacturing metrics to address the dilemma between economies of scale and economies 
of scope. As found in the-state-of-the-art intensive research approaching solution 
space has been done, this also indicates that none of this work have been directed 
against assessing and measuring status of solution space development.   
Choice Navigation 
One of the most extensive studies on choice navigation is the survey “Customiza-
tion 500” by Walcher and Piller [2012]. This study analyzed 500 different mass cus-
tomization firms and their product configurators and thereby their ability to perform 
choice navigation. Even though a very extensive survey the results in the survey are 
very difficult for the individual companies to translate into activities necessary be-
coming a better mass customizer.  Blecker et al. [2003a] described a number of met-
rics that could be used for assessing the capability for choice navigation, including 
Average configuration length of time, configuration abortion rate, as well as rates of 
which mass customization companies introduce and eliminate product options. Most 
of those metrics are useful; however how they are linked to overall mass customiza-
tion performance is not addressed in that research. Trentin et al. [2011] analyzed the 
relationship between configurator usage (i.e. how choice navigation is performed) and 
time performance, e.g. on time delivery performance, cycle time, speed of new prod-
uct introduction. This research was significant in validating that choice navigation is 
Fig. 6. One way of analyzing a company's fundamental capabilities for mass customiza-
tion, as suggested by Salvador et al. [Salvador et al., 2009] 
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critical to overall performance and also indicates a number of possible metrics. How-
ever since the research relies on managers’ qualitative assessments, it is less useful for 
making capability assessments of individual firms. Other research indicates the bene-
fits companies can apply from product configuration in the specification process 
[Hvam et al., 2010]. Engineer to order industries has often well specified product 
families but the unique products fitting individual customers often has to be specified 
on individual basis, nevertheless research in this do not apply any assessment or 
measurement in general about Choice Navigation. The state-of-the-art indicates that 
some metrics have proven useful to assess Choice Navigation and on the other hand 
indicates gaps to be filled.  
2.2 Mass Customization and Assessment 
In the article “Cracking the Code of Mass Customization” Salvador et al. [2009] ar-
gue against the common executive perception of MCPC as a “fascinating but imprac-
tical idea”, by introducing the concept of 3 fundamental capabilities as success fac-
tors, based on the results from substantial research of 238 companies in eight coun-
tries. The three capabilities are each supported by three approaches to achieve that 
specific capability. Each capability is described as a continuum i.e. a company can be 
extremely capable, not capable at all or anything in between in relation to each capa-
bility. A company being highly capable within each of the three capabilities could 
thus be considered the ideal mass customizer, whereas a company being less capable 
would indicate a mass production company not very capable of mass customizing. An 
example of mapping the three capabilities is shown in figure 6. Identifying for which 
capability a company has the lowest performance (being least capable), would thus 
help the company identify where to focus its effort to boost its chances of success in a 
mass customization market. 
2.3 Mass Customization and Sustainability 
Organizations in general, NGO’s, private and business movements, costumers’ organ-
ization, are all stakeholders, who have addressed the sustainability domain. Much of 
this work has been used as an off-set for sustainability in general, as seen in the 
Bruntland report [Brundtland, 1987; Hueting, 1990] and the Hannover principles 
[McDonough & Braungart, 1992] used as foundation for the Cradle-to-Cradle. Gov-
ernments have set sustainability on top of the list, as information about environmental 
issues, behavioral education and with legislation, which requires manufacturers to 
address the issues of sustainability [Hall & Vredenburg, 2003; Karlsson & Luttropp, 
2006; Lindhqvist et al., 2011; Maxwell & Van der Vorst, 2003; SDC-UK, 2011]. On 
the other hand a request for sustainability is driven by costumers, which also leaves 
the manufactures with a need for fulfilling these requirements [Klöpffer, 2003; Lin-
ton, 2005; Manzini & Vezzoli, 2003; Seuring & Muller, 2008]. 
Mass customization has by some been regarded as a concept which increases the 
demand for quick replacement of consumer products and is thus potentially unsus-
tainable [Czarnecki et al., 2005], since shorter life cycles will usually imply greater 
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material and energy consumption. However, it has not been possible to identify stud-
ies that thoroughly investigate the relationship between mass customization and sus-
tainability. 
Since sustainability is a concept that is gaining more and more attention, and com-
panies are experiencing a greater demand for sustainable products as well as legisla-
tion requiring lower environmental impacts [DSI, 1996] sustainability must also be 
addressed in relation to mass customization. Several concepts are commonly applied 
to achieve greater sustainability in product design and manufacturing. Among these is 
ECO-design, which is a concept that attempts to integrate environmental aspects into 
the product development process thereby creating products with lower negative envi-
ronmental impacts and thus more environmentally sustainable products [DSI, 1996]. 
Sakao & Fargnoli [2010] analyzed the relationship between ECO-design and mass 
customization and concluded that mass customization not only presents challenges 
but also a number of opportunities for designing more sustainable products. Romero 
et al. [2011] addressed this issue in more depth in relation to computer aided ECO-
design, describing how computer aided tools can allow for easier life cycle assess-
ment and thus more sustainable products. In relation to ECO-design and mass custom-
ization, Lei et al. [2007] addressed the need for a green product configurator, where 
an information model supporting assessment of sustainability along a configuration 
process was presented. 
Boër et al. [2013] developed a sustainability assessment model taking into account 
not only the environmental dimension but also the economic and social dimensions of 
sustainability, specifically for mass customization products. Based on this model a 
number of products were analyzed and it was concluded that it cannot be concluded 














Objectives and Hypotheses  
This chapter is a collection of objectives and hypotheses made ready for the thesis. 
The objectives, hypotheses and research questions have been adjusted trimmed to 
address the research with highest standard and expectations. Each objective has been 
addressed and evaluated individually with the purpose of clarifying the necessity of 
its scientific importance and its expected contribution. The objectives have been 
transformed in to 3 hypotheses and each hypothesis has been supported by several 
research questions.    
 
Though Mass Customization has been around for more than two decades, the 
knowledge about interaction between mass customization capabilities does not satisfy 
the need in industry nor academia. Research indicates that the fundamental capabili-
ties, tools and methods suggested as a frame for implementing and exploiting mass 
customization, from time to time fail and in worst case scenarios result in abandoning 
the mass customization strategy. The hypotheses are formed on the assumption that it 
is possible to establish metrics based on well-known data in any given company, 
measuring the three fundamental capabilities. Initially the scientific objective for this 
research has been: 
INITIAL SCIENTIFIC OBJECTIVE 
 Contribute to existing theory in the field of mass customization.  
The theoretical objective will contribute to knowledge, definitions and models and 
a better understanding of the relationship within mass customizations methods and 
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tools and how these tools and methods can support the exploitation of mass customi-
zation.  
3.1 Objectives 
Practitioners should from the practical objectives of this research benefit from new 
models and methods, making the practitioners and business manager capable to moni-
tor implementing mass customization, assessing and measuring the status of mass 
customization and be able to benchmark.  
MAIN OBJECTIVES 
 Contribute with a framework for assessment and measurement of industri-
al application of mass customization. 
 Contribute by identifying known metrics measuring mass customization.  
 Contribute with development of new metrics for measuring mass customi-
zation. 
 Contribute with knowledge about variables and parameters relationship 
for assessment and measurement of mass customization. 
ADDITIONAL OBJECTIVES 
 Contribute with knowledge about modularization enablers in different 
method approaches for personalization and their relationships to design 
for sustainable products 
 Contribute with new knowledge about closed loop supply chains and sus-
tainable mass customization. 
The objectives above have been extracted from the work with state-of-the-art in the 
area of mass customization, with the main objective of closing the gap between the 
science of mass customization and commercial use of mass customization. On the 
other hand any kind of commercial business does today involve sustainable thinking 
in parallel research to the research with measurement and assessment of mass custom-
ization, research involving sustainability and mass customization has been done.  
3.2 Hypotheses 
Hypothesis 1, addresses the overall and general approach to assessment and meas-




IT IS POSSIBLE TO ESTABLISH A FRAMEWORK FOR 
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Hypothesis 1 is expected to be clarified with these research questions:  
1. How can a generalized framework understanding the fundamentals in as-
sessment and measurement of mass customization be established? 
2. Can the approaches as described in the three fundamental capabilities by 
Salvador et al. [Salvador et al., 2009] be uses as the outset for identifying 
and development metrics assessing and/or measuring mass customization? 
 




IT IS POSSIBLE TO IDENTIFY OR DEVELOP METRICS FOR 
ASSESSMENT AND MEASUREMENT OF MASS 
CUSTOMIZATION PROGRESS 
 
Hypothesis 2 is expected to be clarified with these research questions:  
1. Can metrics be identified or developed indicating progress or status for 
product development in a mass customization framework? 
2. Can metrics be identified or developed indicating progress or status for pro-
duction process in a mass customization frame work? 
3. Can metrics be identified or developed indicating progress or status for 
product configuration in a mass customization framework? 
 
 




IT IS POSSIBLE TO BE A MASS CUSTOMIZER AND AT THE 
SAME TIME BE SUSTAINABLE 
 
Hypothesis 3 is expected to be clarified with these research questions:  
1. Can enablers in mass customization like modules work along with similar 
enablers in sustainable design? 
2. Can products designed for mass customization – one-of-a-kind products – 
adapted in closed loop supply chains? 















In this chapter, the specific research approach is designed. Arbnor and Bjerke [2008] 
present a framework, which suggests that ultimate presumptions contained within a 
paradigm through theory of science is the basis for determining a methodological 
approach. The methodological approach is then the basis for the design of the re-
search design, containing methods and procedures, which can be applied to a certain 
study area.  
 
4.1 Scientific Paradigms 
Researchers may have different presumptions about the world and this has influence 
on the way they address certain problems and usage of techniques. A commonly used 
term for a set of ultimate presumptions is a paradigm as introduced by Kuhn [1996].. 
A paradigm is a set of presumptions, values and ideals, typically within a certain sci-
entific area.  
Several authors have proposed different classifications of paradigms. Some authors 
promote only two views, i.e. a positivistic and hermeneutic [Coughlan & Coghlan, 
2002; Gummesson, 2000] while others argue for three simultaneous paradigms 
[Arbnor & Bjerke, 2008]. Others even promote four classes: positivism, post positiv-
ism, critical theory and constructivism [Guba, 1990] or post positivism, constructiv-
ism, advocacy/participatory and pragmatism [Creswell et al., 2003]. The paradigm 
Critical Rationalism is considered fundamental for research work within this project. 
Critical rationalism introduced by Popper [1959] is the theory, of which one of the 
main elements is the theory of falsification first introduced by Popper [1935]. The 
principle of falsification is that a general acknowledged theory could be falsified by a 
single observation that proves the theory wrong; see e.g. the black swan example 
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[Schroeder-Heister, 2001]. Popper argued that besides focusing on proving theories, 
researchers should also focus on proving theories wrong, i.e. falsifying them, to prove 
their validity. 
The concept of critical rationalism developed by Popper is in short that “Theoreti-
cal progress is made by successive critique and revision of existing theories, which is 
governed by the idea of objective truth” [Schroeder-Heister, 2001]. According to this 
statement, falsification may be used not only to reject scientific theories but rather in 
an approach to improve existing theories by falsifying them and revising the existing 
theories to encompass the observation, which had originally falsified it [Schroeder-
Heister, 2001]. 
From this, it follows that a scientific theory can never be considered as final, since 
the theory may at some point be falsified on basis of new knowledge or observations 
and hence it is never certain that a theory describes the whole truth. However, when a 
theory is falsified and subsequently revised, the new theory will always be closer to 
truth than the falsified theory [Schroeder-Heister, 2001].  
Much business research has focused on applying principles from one business area 
to other business areas which are different from the original one. This process can be 
perceived as a continuous expansion of business theories, where the application of a 
theory to a new area is potentially a falsification of the current theory. If the theory 
can be applied to the new business area, the theory is not falsified but the set of ob-
servations not falsifying the theory is expanded. In this case the theory will of course 
also be practically applicable to more cases and new business knowledge is created 
with a potential to create value in companies. 
If the theory however is falsified, the theory can be revised, typically through a 
specialization of the existing theory or development of supplemental theories. In this 
case the body of theory also becomes more encompassing than previously and thus 
applicable in more practical cases in companies. 
Finally, if the business theory is falsified and it cannot be revised in such a way it 
is applicable to the new area, the new more encompassing theory will simply state 
that the original theory has limitations regarding the new area, and thus new business 
knowledge is also created in this case. 
Critical rationalism is thus highly relevant to this project since the approach de-
scribed above has been applied to this project in order to identify theories and meth-
ods from mass customization, product configuration, etc. and determine whether they 
can be applied to the research area. In critical rationalism terms, this project attempts 
to revise and further develop the existing theory to increase the theoretic business 
knowledge.  
4.2 Research Methodologies and Selected Approach 
Arbnor and Bjerke  [2008] argue that the set of ultimate presumptions and thereby the 
scientific paradigms is determinant for the methodological approach that should be 
applied in different research ventures. The three main methodological approaches as 
identified by Arbnor and Bjerke [2008] are: 
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 The Analytical approach 
 The Systems approach 
 The Actors approach 
According to Arbnor and Bjerke [2008] one of the main characteristics of the ana-
lytical approach that distinguishes it from the systems approach is its summative 
character. This can be summarized in the statement “The whole is the sum of its 
parts” [Arbnor & Bjerke, 2008]. This implies that the analytical approach addresses 
research problems isolated, and seeks to develop a theory within a delimited area 
without emphasizing relations to other areas. 
The systems approach can be summarized in the statement “The whole differs from 
the sum of its parts” [Arbnor & Bjerke, 2008]. This implies that contrary to the ana-
lytical approach, research problems are not addressed as isolated problems, but a re-
search area is regarded as a number of problems which need to be addressed as a 
whole, and the relations between the problems and their implications are taken into 
account. Furthermore the systems approach assumes that knowledge about a certain 
issue is highly dependent on the system, which the issue is a part of. 
In the context of this project, the analytical approach would imply seeking to de-
velop solutions, which are independent of the system the solutions are being applied 
in. Contrary to this, in a systems approach, the solutions are developed under the as-
sumption that there does not exist a single approach to mass customization that pro-
duces optimal results in all systems.  
According to Arbnor and Bjerke [2008] the third approach, the actors approach is 
mainly relevant in relation to social research. Relating the actors approach to this 
project would imply analyzing the social structures related to the research area, and 
thereby organizational issues will be emphasized. According to Arbnor and Bjerke 
[2008] the systemic characteristics will both be relevant for the actors approach but 
mainly actors meanings, perceptions and relations between each other are the subject 
of interest.  
4.3 Research Design 
This project uses the systems approach according to the definition from Arbnor and 
Bjerke [2008]. In order to give based on basic principles of general systems theory, 
Joergensen [2000] describes a methodological procedure commonly used for conduc-
tion research and development projects. Hence a methodological procedure which is 
based on systems theory seems to be an appropriate approach. The methodological 
procedure is based on the two fundamental system concepts analysis and synthesis. 
Joergensen [2000] defines these two concepts the following way: 
 Analysis (of an existing system) is 1) to investigate properties of the sys-
tem and 2) to divide the system into system components and system struc-
ture. 
 Synthesis (of a new system) is 1) to create the system by relating existing 
systems to each other by a structure and 2) to add properties to the system. 
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Joergensen [2000] argues that these two complementary operations can be carried 
out in various sequences, but identifies two commonly used sequences; a problem 
solving sequence and a design sequence. In the problem solving sequence, an analysis 
activity of an identified problem is followed by a synthesis, which will be an attempt-
ed solution to the original problem. In the design sequence, the synthesis activity cre-
ates innovation, which is subsequently analyzed and a specified innovative contribu-
tion is the outcome.  
Joergensen [2000] argues further that these sequences may be embedded in each 
other. This is illustrated in figure 7 where a structure commonly used for research 
projects is shown. In this structure, an analysis is performed which results in the for-
mulation of a diagnosis. Following the diagnosis is a synthesis which again is com-
prised by a sequence of synthesis and a subsequent analysis. The purpose of the first 
analysis can be to identify problems within a certain context and identifying if exist-
ing research has addressed these issues previously. The diagnosis then states where 
theory and methods must be developed to address these problems. In the synthesis 
activity, theories and methods are developed according to the shortcomings identified 
in the diagnosis and finally these new contributions are analyzed (by tests, compari-
son, implications, perspectives, etc.). The outcome of the process is the new research 
results.  
Fig. 7.  Methodical procedure commonly used for research and development projects 
[Joergensen, 2000]. 
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The structure outlined in figure 7 has been widely utilized in this project. Consider-
ing the project as a whole, the activities in the beginning of the project period has 
been identification of key issues regarding theories regarding assessment and meas-
urement and regarding sustainability. Further, is has been about evaluation of which 
theories are applicable and which are not. This work was performed to make a diag-
nosis to provide outset for creating the main contributions from this project. 
The synthesis of this project, i.e. the development of framework, evaluation criteria 
and new knowledge for assessment and measurement in mass customization, and 
sustainability and mass customization, is comprised by the work documented in the 
papers illustrated in the lower three boxes in figure 7. Each paper represents an isolat-
ed issue found in the diagnosis and this issue is processed as a synthesis. Hence, each 
issue has its individual outset but with the same background (the top analysis box). 
The thesis summary represents the final two boxes (contribution and analysis), i.e. the 
compiled results (chapter 5 and chapter 6) and discussion (chapter 7). As part of the 
final analysis, the significance of each metric selected in paper 5-9 has been analyzed 
against performance according to the related problem (the three capabilities). The 
contribution from paper 1 – 3 has been verified against end-of-life strategies in sus-
tainability in new developed models and tables.  
4.4 Research Limitations 
In the research work with mass customization and sustainability, there have been 
natural limitations. Hence, domain knowledge within sustainability is primarily 
gained from the literature study. Working with sustainability requires multiple forms 
of expertise and the prerequisites for this project did not encompass any expert sus-
tainability knowledge. The limitation has been analyses, diagnoses, and syntheses, 
which could be withdrawn from scientific papers at a system level comparable with 
the rest of the work. Hence the sustainability domain is widespread in many directions 
and the research and review for analysis has been delimited to scientific papers within 



















Results and Contributions 
Assessment and Measurement 
 
This chapter presents the results and contributions in assessment and measurement in 
relation to mass customization. It has a short introduction presenting the paradigm 
set for this part and a table presenting the metrics as an overview. Hereafter, three 
sections with a presentation of evaluation criteria’s followed by a comprehensive 
presentation of each metric. Finally, metrics with relationships are presented. 
 
Three fundamental capabilities in mass customization have been analyzed for key 
performance indicators during literature reviews and explorative research. To support 
this work each capability has been analyzed to establish evaluation criteria sets for 
each of the three capabilities. Because of the different nature of the capabilities, no 
common evaluation criteria set have been established. The evaluation criteria sets 
have been chosen on individual basis for each of the three capabilities, with two goals 
in mind 1) they must be measurable; otherwise they are per definition not metrics and 
2) the required data should preferably be readily available in the company or should 
be easily obtainable.  
Each of the included papers 6, 7 and 8 has en comprehensive presentation of poten-
tial metrics for each of the three capabilities and based on the evaluation criteria’s 
there have been made a selection of metrics. Each metrics value has accordingly been 
verified for valuable information about the capability. These selected and verified 
metrics are presented as an overview in figure 8, followed by a walk-through of the 
metrics one by one, with name, equation (if existing) and a verification of how the 
metrics value can assist assessment and measurement in the specific capability. 
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5.1 Choice Navigation 
In Choice Navigation the evaluation criteria set have been established with introduc-
tion of three sets and their intersections (see figure 9). Solution Space (SS), products 
and variants developed by the company, Customers Demanded Variety (CDV), ex-
Fig. 8. Metrics found in research collected in one table, for assessing mass customization 
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pressing customers’ needs, and finally Customers Configuration (CC), an expression 
of the configuration actually done by the customer (or sales personal).  
Analyzing figure 9, intersections B and C are consequences of a mismatch between 
the actual demand and solution space, where B implies variety which is part of the 
solution space but has no demand thus potentially implying unnecessary complexity 
costs. C implies a demand for variety that is not met by the current solution space and 
which may indicate an intersection where the development of the solution space could 
increase sales. The D intersection is seemingly less interesting in terms of choice 
navigation, since they relate primarily to the capabilities within solution space devel-
opment.  
In intersection D the customer configures a product that does not meet the demand 
nor is it contained in the solution space. This is not a typical situation but is neverthe-
less undesirable, and would likely be indicated by the customer abandoning the con-
figuration. In intersection E, there is a match between the variety offered by the com-
pany and the customer demand; however the customer does not configure the product. 
This is likely a result of a user interface unable to guide the customer satisfactory 
through the configuration process. Intersection F indicates configuration, which match 
a customer demand, but is outside the actual solution space, i.e. a product that can be 
configured but not produced, which is also highly undesirable. Finally, in intersection 
G the customer configures a product that is within the solution space but does not 
meet the demand thus resulting in a customer disappointment. 
 
CONFIGURATION ABORTION RATE METRIC (CA) 
𝐶𝐴 = 𝑁𝑎
𝑁𝑝
      
𝐶𝐴: 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑏𝑜𝑟𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑚𝑒𝑡𝑟𝑖𝑐
𝑁𝑎:𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑜𝑟𝑡𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠
𝑁𝑝:𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑜𝑔𝑖𝑛𝑠 (𝑠𝑡𝑎𝑟𝑡𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠)
 
source: [Blecker et al., 2003a] 
The CA metric describes how frequently customers or sales people choose to abort 
a configuration which has been initiated due to whatever reason. A high CA value can 
be used as an indication, for intersection E (see figure 9), since customers that cannot 
configure a product to meet their requirements will likely abandon the configuration. 
CUSTOMERS RETURN RATE METRIC (RTR) 
𝑅𝑇𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑔 𝑟𝑒𝑡𝑢𝑟𝑛𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
    
source: [Piller, 2002]  
The RTR metric describes how often customers return a product to the company 
after receiving it due to e.g. disappointment in the product.  
In this case, customers realize that the configured product does not meet require-
ments, after it is received. In this case the customer may return the product, which 
then is indicated by RTR. High RTR value indicates information about intersection G, 




CUSTOMERS CHURN RATE METRIC (CR) 
𝐶𝑅(∆𝑇) = 𝑁𝑂𝐿𝐶(∆𝑇)
𝑁𝑂𝐶(∆𝑇)+𝑁𝑂𝑁𝐶(∆𝑇)−𝑁𝑂𝐿𝐶(∆𝑇)
          
𝑁𝑂𝐿𝐶:𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑜𝑠𝑡 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑎𝑡 ∆𝑇
𝑁𝑂𝐶:𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑎𝑡 𝑇
𝑁𝑂𝑁𝐶:𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑤 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑎𝑡 ∆𝑇
 
source: [Sterne, 2003]  
The CR metric describes the relationship between new customers and lost custom-
ers. High value of CR indicates information about intersection G, an area with solu-
tion space but no customers’ need (see figure 9). 
CUSTOMERS REPURCHASE RATE METRIC (RR) 
𝑅𝑅 =
𝑟𝑒𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑒𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 (∆𝑇)
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑤 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 (∆𝑇)
 
source: [Piller, 2002]  
The RR metric describes how often products are repurchased, or how often cus-
tomers return to purchase another different product. A low value of RR indicates in-
formation about intersection G, an area with solution space but no customers’ need 
(see figure 9). 
CUSTOMERS COMPLAINTS RATE METRIC (COR)  
𝐶𝑂𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑝𝑙𝑎𝑖𝑛𝑡𝑠 (∆𝑇)
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑖𝑒𝑠 (∆𝑇)
  
source: [Blecker et al., 2003a] 
Similar to the CR metric, the COR metric describes how often customers complain 
over a product they have purchased after receiving it. A high value of COR indicates 
Fig. 9. Evaluation criteria's for Choice Navigation 
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information about intersection G, an area with solution space but no customers’ need 
(see figure 9). 
SELLER ORDER CANCELLATION RATE (SOCR)  
𝑆𝑂𝐶𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠 𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 𝑏𝑦 𝑠𝑒𝑙𝑙𝑒𝑟 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑟𝑑𝑒𝑟𝑠
 
source: [Nielsen et al., 2013] 
The metric SOCR can have several reasons; one could be, customers configure 
products which are within the customer demanded variety but outside the solution 
space, i.e. a product is configured which cannot be delivered. This would likely result 
in the order being cancelled by the company, since it cannot be manufactured. High 
values of SOCR would then indicate configurations within intersection F, an area with 
customers need but no solution space (see figure 9). 
SELLER ORDER CHANGE RATE AFTER PURCHASE (SOCRAP) 
𝑆𝑂𝐶𝑅𝐴𝑃 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠 𝑐ℎ𝑎𝑛𝑔𝑒𝑑 𝑏𝑦 𝑠𝑒𝑙𝑙𝑒𝑟
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑟𝑑𝑒𝑟𝑠
   
source: [Nielsen et al., 2013] 
If a configuration is inside customer demand variety but outside solution space, an 
alternative to cancellation would be that the company will change the configuration to 
fit within the solution space by e.g. upgrading the product. High values of SOCRAP 
would then indicate configurations within intersection F (see figure 9). 
CUSTOMER ORDER CANCELLATION RATE (COCR) 
𝐶𝑂𝐶𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠 𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 𝑏𝑦 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑟𝑑𝑒𝑟𝑠
 
source: [Nielsen et al., 2013] 
In this case, the customer configures a product, which is within solution space but 
does not correspond to the customer’s requirements and if the customer realizes that 
the product is not satisfactory prior to delivery, the customer may cancel the order. 
High values of COCR could indicate configurations within intersection G, an area 
with solution space but no customers’ need (see figure 9). 
CUSTOMER ORDER CHANGE RATE AFTER PURCHASE (COCRAP) 
𝐶𝑂𝐶𝑅𝐴𝑃 =
𝑛𝑜. 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠 𝑐ℎ𝑎𝑛𝑔𝑒𝑑 𝑏𝑦 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑟𝑑𝑒𝑟𝑠
 
source: [Nielsen et al., 2013] 
In this case, the customer configures a product, which is within solution space but 
does not correspond to the customer’s requirements and if the customer realizes that 
the product is not satisfactory prior to delivery, the customer may alternatively change 
the order. High values of COCRAP could indicate configurations within intersection 
G, an area with solution space but no customers’ need (see figure 9). 
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CONFIGURATION SALES RATE METRIC (CSR) 
𝐶𝑆𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑜𝑙𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠
 
source: [Nielsen et al., 2013] 
CSR indicates when values are high, that most configurations lead to a sale, hence 
an indicator of being on target with choice navigation. Since configurations within 
intersection A should lead to a sale, then an increase in CSR would also indicate an 
increase in configurations within intersection A, the area which satisfy the customer, 
with solutions space and potential configuration opportunity (see figure 9).  
5.2 Solution Space Development 
A set of performance parameters has been introduced as evaluation criteria’s for met-
rics in Solution Space Development, these parameters are presented in figure 10. Se-
lected metrics for assessment and measurement of solution space development are as 
following:  
AGGREGATE SOLUTION SPACE PROFITABILITY (ASSP) 
𝐴𝑆𝑆𝑃 = 𝑇𝑜𝑡𝑎𝑙 𝑆𝑎𝑙𝑒𝑠 𝑖𝑛𝑐𝑜𝑚e – 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 
source: [Brunoe et al., 2012] 
The metric ASSP is a measure of how profitable the solution space is as a whole 
and should be measured over a period of time. 
Fig. 10. Evaluation criteria’s for metrics covering Solution Space Development 
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PROFITABILITY PER PRODUCT FAMILY (PFP) 
𝑃𝐹𝑃 =  𝑆𝑎𝑙𝑒𝑠 𝑖𝑛𝑐𝑜𝑚𝑒 𝑓𝑟𝑜𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑎𝑚 –  𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑎𝑚 
source: [Brunoe et al., 2012] 
This metrics requires high data availability and detailed data about manufacturing 
cost. The metric can be used in comparison status as an indicator for profitability per 
product family over a period. Positive high values of PFP indicate profitable product 
family. 
CONFIGURATION VARIABLE PROFITABILITY (CVP), NEGATIVE PROFITABILITY 
(NPCV), AND SKEWNESS OF THE DISTRIBUTION OF PROFITABILITY (CVPS) 
CVP is a metric which is somewhat less trivial to determine. However, if historical 
configuration data is available with sales price and manufacturing costs registered for 
each configuration, it is possible to generate a linear model describing the variation in 
price and cost from the configuration variables using the methods described by Bru-
noe & Nielsen [2012]. From the significance and coefficients for each variable, it will 
be indicated if a specific configuration choice is profitable, e.g. a specific color. How-
ever assessing each variable may be useful in solution space development choices but 
less useful in assessing a company’s overall capability, since it will consist typically 
of hundreds of records, corresponding to the number of configuration options. How-
ever, once the profitability for each option is calculated, the distribution of profitabil-
ity’s may be analyzed. What is interesting here is how many configuration variables 
(percentage) have negative profitability (NPCV). Obviously, this value should be as 
low as possible, and will indicate how well a company is able to develop only config-
uration choices, which are beneficial. Furthermore we propose a metric for the skew-
ness of the distribution of profitability (CVPS).  A positive value of CVPS will indi-
cate that a few configuration variables are very profitable, whereas a negative value of 
CVPS would indicate that a number of configuration variables contribute significantly 
to a lower profitability. Specifically for these above mentioned metrics and because 
they are calculated based on algorithms no arithmetic equations have been included. 
USED VARIETY (UV), MEAN CONFIGURATION VARIABLE UTILIZATION PERCENTAGE 
(MCVUP), AND CONFIGURATION VARIABLE UTILIZATION PERCENTAGE VARIANCE 
(CVUPV) 
𝑈𝑉 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑡𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑣𝑎𝑟𝑖𝑎𝑛𝑡𝑠
  
source: [Brunoe et al., 2012] 
UV metric addresses how well the solution space is utilized by the customers, i.e. 
how much variety is offered vs. how much does actually make sense compared to the 
customers’ requirements. However, using this metric may be difficult in practice, 
since the number of perceived variants is not readily available. A more practical way 
of assessing the utilization would be to calculate the frequency by which each config-
uration variable is chosen by a customer. By dividing this by the frequency of which 
configurations are made in general, the percentage of configurations containing a 
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certain configuration choice could be calculated, thereby describing the utilization of 
a certain configuration variable. If these percentages are analyzed statistically, the two 
metrics MCVUP and CVUPV can be derived. The value of these two metrics can 
provide insight into the magnitude and differences in frequency by which certain parts 
of the solution space are actually creating value for customers. Because they are cal-
culated based on algorithms no arithmetic equations specific for MCVUP and 
CVUPV have been presented. 
REPURCHASE RATE (RR)  
𝑅𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠
  
source: [Piller, 2002]  
The metric RR describes to what extent customers repurchase a product, or to what 
extent customers return to the company to buy a different product. If customers repur-
chase products regularly, it is reasonable to assume that those customers have been 
happy with the variety and the product in general. Otherwise they would likely have 
chosen a competing product instead.  
A high value of RR can be interpreted as an indicator for high customer satisfac-
tion with the product offerings, including variety. Clearly, the RR does only make 
sense for products, which are purchased frequently, e.g. customized muesli or shirts, 
whereas products like cars or houses are purchased less frequently by the same cus-
tomer, rendering this metric irrelevant. 
CONFIGURATION ABORTION RATE (CAR)  
𝐶𝐴𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑜𝑟𝑡𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠
 
source: [Blecker et al., 2003a] 
The value of CAR (same as CA metric presented in chapter 5.1) can also be a 
measure of how satisfied the customers are with the offered variety. If a customer 
initiates a configuration and is not able to select the desired product properties, and is 
thus unsatisfied with the offered variety, that customer is likely to abandon the con-
figuration and purchase a competing product. Hence, a high abortion rate could indi-
cate that customers are dissatisfied with the offered variety and vice versa.  





source: [Gonzalez-Zugasti et al., 2001] 
The value of MU metric indicates how many modules are required to produce all 
variants within the solution space [Ericsson & Erixon, 1999]. NV is the number of 
product variants required by customers and NM is the number of different modules 
required to build all variants in the product portfolio. While number of different mod-
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ules should be easy for any company to determine, the number of variants required by 
customers is less trivial.  
MODULES COMMONALITY METRIC (MCM), PARTS COMMONALITY (PC) 
𝑀𝐶𝑀 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑚𝑜𝑛 𝑚𝑜𝑑𝑢𝑙𝑒𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑚𝑜𝑑𝑢𝑙𝑒𝑠
 
source: [Blecker et al., 2003a] 
The MCM [Kaplan & Haenlein, 2006] is a measure of how many modules are 
common to all variants relative to the total number of different modules. Generally a 
higher MCM value will indicate more efficient product architecture, since higher 
commonality will usually imply lower manufacturing and development costs.  
𝑃𝐶 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑚𝑜𝑛 𝑝𝑎𝑟𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑝𝑎𝑟𝑡𝑠
 
source: [Blecker et al., 2003a] 
PC [Kaplan & Haenlein, 2006] is used to measure the relationship between com-
mon parts and the total number of different parts in the same way as the MCM. A 
high PC value also indicates an efficient product architecture since that would imply 
higher purchasing volume for each different part further implying lower purchasing 
costs. 
RATE OF WHICH NEW CONFIGURATION ATTRIBUTES ARE INTRODUCED (RNCA), RATE 
OF ELIMINATED CONFIGURATION ATTRIBUTES (RECA), AND AVERAGE LEAD TIME 
FOR CONFIGURATION VARIABLE CHANGES (ALCVC)  
RNCA [Brunoe et al., 2012] is determined by summing up the number of added 
configuration choices during a certain period. Similarly, the value of RECA can be 
measured [Brunoe et al., 2012]. A high RNCA value indicates that a company fre-
quently introduces new options for customers and would indicate that the company 
reacts to a broad spectrum of changes in the market. A large difference between 
RNCA and RECA would indicate that the solution space is either growing or shrink-
ing. A steadily growing solution space could indicate a problem, since the company 
may be focusing on introducing new variety without doing “housekeeping” and elim-
inating options not needed anymore. This could result in unnecessarily increasing 
manufacturing complexity.  
The two metrics described above describe the change rate of the solution space, but 
not the lead time for changes (ALCVC), which is also essential when competing in a 
rapidly changing market [Brunoe et al., 2012]. Specific for these above mentioned 
metrics and because they are calculated based on algorithms no arithmetic equations 
have been included. 
5.3  Robust Process Design 
To evaluate metrics in Robust Process Design, two viewpoints have been intro-
duced and are indicated in figure 11.   
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• The ability to manufacture a variety of products within a fixed solution 
space, i.e. the current product portfolio / variety – Robustness towards ex-
isting variety 
• The ability to adapt the manufacturing system to accommodate new varie-
ty, e.g. when the solution space changes due to new product options - ro-
bustness towards new variety This has a close relation to solution space 
development. 
Both viewpoints of the capability are relevant; however they are not necessarily 
correlated. For example, a purely manual production is highly flexible towards new 
variety compared to a highly specialized and automated production, whereas the latter 
would probably be more efficient in manufacturing a predefined variety. 




   
𝑣𝑖: #𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑒𝑥𝑖𝑡𝑖𝑛𝑔 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑖
𝑛: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠
𝑣𝑛: 𝑓𝑖𝑛𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑟𝑖𝑒𝑡𝑖𝑒𝑠 𝑜𝑓𝑓𝑒𝑟𝑒𝑑
𝑑𝑖: 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 𝑡𝑖𝑚𝑒 𝑓𝑟𝑜𝑚 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡𝑜 𝑠𝑎𝑙𝑒
𝑑1: 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 𝑡𝑖𝑚𝑒 𝑓𝑟𝑜𝑚 𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑠𝑎𝑙𝑒
𝑎𝑖: 𝑣𝑎𝑙𝑢𝑒 𝑎𝑑𝑑𝑒𝑑 𝑎𝑡 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑖
 
source: [Martin & Ishii, 1997] 
It is generally acknowledged that a late differentiation point or customer decou-
pling point is an enabler for an efficient mass customization production, the DPI is a 
measure of how postponed the variant creation is in a manufacturing process. DPI 
indicates the postponement of variants and on the other hand how many manufactur-
ing processes have to change due to product variety. The most postponed manufactur-
ing setup is expected to support highly robust manufacturing processes and therefore 
a very good indicator of robust process design. 
Fig. 11. Evaluation criteria’s for Robust Process Design 
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SETUP INDEX (SI) 






      
𝑣𝑖: #of different exiting in process i
𝑛: number of processes
𝑣𝑛: final number of varieties offered
𝐶𝑗 : Total cost of Jth product
𝑐𝑖: cost of setup at process i 
 
source: [Martin & Ishii, 1997] 
SI indicates how setup costs contribute to the overall manufacturing costs. The SI 
calculates the cost of setup of manufacturing processes compared to the total cost of a 
product. Since a high value of setup cost is an indicator of a low robustness, this indi-
cator can contribute to the assessment of process robustness. 
QUALITY OF ORDER RECEPTION (QOR) 
𝑄𝑂𝑅 =
# 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑜𝑛 𝑡𝑖𝑚𝑒 ∩ # 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠 𝑤𝑖𝑡ℎ 𝑧𝑒𝑟𝑜 𝑑𝑒𝑓𝑒𝑐𝑡𝑠
𝑡𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟𝑠
 
source: [Nasr & Thurston, 2006] 
The metric QOR indicates how well the production performs in terms of on time 
delivery and the defect rate. 
NUMBER OF DIFFERENT MODULES MANUFACTURED PER PROCESS (NMP) 




     𝑚𝑖: # of different modules manufactured at process i𝑛: ∶ # of different processes  
source: [Nielsen & Bronoe, 2013] 
NMP gives a measure of the average number of modules manufactured in the dif-
ferent manufacturing processes. A higher value of NMP will indicate robust process-
es, since each process will be able to manufacture more different modules and thus a 
higher number of end variants. 








          
𝑙𝑐𝑖: labour cost for manucaturing product i
𝑡𝑐𝑖: total cost of manufacturing product i
𝑛: #of different products
 
source: [Nielsen & Bronoe, 2013] 
The metric DML can be used as an indirect indicator of process robustness, since a 
low value of DML indicates less need for manual processing, which again indicates 
that the non-manual manufacturing processes are able to supply a high variety.  
PROCESS VARIETY INCREASE (PVI) 




       p𝑖: # of new processes introduced for product option in: #of new product options in the period  
source: [Nielsen & Bronoe, 2013] 
PVI indicates how much the variety of manufacturing processes increases when a 
new product option or product is introduced in the manufacturing system. The PVI 
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metric, calculated as an average during a period in time. A low value of  PVI will 
indicate a high robustness since this implies that few new processes need to be intro-
duced, when a product option is introduced and thus that the existing processes can 
accommodate new product variety. 





𝑐𝑎𝑝𝑖𝑖: Percentual CAPEX increase from introducing product option i
n: #of new product options in the period  
source: [Nielsen & Bronoe, 2013] 
In addition to the PVI metric, the CAPIV is introduced. This is done since a high 
value of PVI does not necessarily can be compared with high cost, given a new pro-
cess is implemented on existing flexible equipment. The CAPIV metric, also calculat-
ed as an average over a period of time. 
TIME TO INTRODUCE A NEW OPTION IN THE MANUFACTURING SYSTEM (TIV) AND 
COST OF INTRODUCING A NEW OPTION IN THE MANUFACTURING SYSTEM (CIV) 




   ti𝑖: time from product design finish to manufacturing system readyn: #of new product options in the period  





ci𝑖: cost of introducing product option i
n: #of new product options in the period 
source: [Nielsen & Bronoe, 2013] 
The time and cost to introduce new product variety are also important metrics to 
assess process robustness, since robust processes will imply low cost and fast intro-
duction of new product variety. The metrics Time to introduce a new option in the 
manufacturing system (TIV) and Cost of introducing a new option in the manufactur-
ing system (CIV). 
5.4 Metrics Relationships 
Because identifying relationships between capabilities has not been part of hypoth-
esis or research questions it has not problematized or analyzed nor been presented as 
part of any paper even though relationship was identified in concluding remarks in 
paper 8 and paper 9. Subsequently analysis based on figure 8 has identified at two 
metrics with relation more capabilities. These two can be recognized in figure 8 as RR 
(customers Repurchase Rate) and CAR (Configuration Abortion Rate). This identifi-
cation verifies that relationships between capabilities exist. An interesting observation 
not in relation to any research question in the thesis or covered by any paper included, 
but in relation to chapter 8 (further research), important to have verified. Further it 
seems interesting to analyze if such relationship between capabilities of these metrics, 
adds further information in assessment and measurement of mass customization. 
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From the individual evaluation of metrics it can be found that output values from 
the metric RR can be interpreted with different results depending whether the value 
are evaluated in solution space development capability or in choice navigation capa-
bility – a high value of RR may in solution space development indicate good custom-
er satisfaction, on the other hand in choice navigation a low RR value may indicate 
that our solution space does not satisfy our customers’ demands.  
The analysis discloses that high values of metric CAR can be understood as an in-
dication of dissatisfaction with offered variety or that the configurator simply does not 
configure the customer demand, on the other hand a low value of metric CAR could 
indicates customer satisfaction or configuration of solutions space and customer de-
mand is possible. 
Both of the above examples of metrics indicate potential relationships across capa-















Results and Contributions 
Sustainability  
This chapter presents the contributions and results completed from work with mass 
customization and sustainability and is documented in papers 1, 2 and 3, included in 
this thesis. The chapter is structured in a main part presenting the paradigm set in the 
research and two sections with close loop supply chains and product modularity. 
   
To address the issue of how mass customization performs in terms of sustainability 
compared to other manufacturing paradigms such as mass production, an analysis of 
product life cycles was performed. To perform this analysis, mass customization and 
mass production was compared in the distinct steps of a generic product life cycle, 
being 1) Production, 2) Use and 3) End-of-Life. 
Within the first two areas, production and use, the analyses are structured on the 
basis of concepts, which are characteristic for mass customization production and 
products. More specifically, the factors described by Berman [2002] and Maccarthy 
[2003]  have been reviewed and those, which were found to have relevance for this 
study, have been included: 1) Product Modularity, 2) Process Variety, 3) Distribution 
Channels, 4) Improved fit with customer needs & 5) Product functionality customiza-
tion. Furthermore, concepts, which have their origin in sustainability research, have 
been identified through literature studies.  
The concept of reducing energy consumption, which is essential in eco design as 
well as life cycle thinking  is included as well [Kørnøv et al., 2005]. In the End of life 
stage, a number of end of life strategies identified by Rose [2000] are included in the 
elements which are analyzed: 1) Energy efficiency, 2) Reuse, 3) Service, 4) Remanu-
facturing, 5) Recycling and disposal. 
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The results of the analysis performed are summarized in figure 12. As it can be 
seen from this illustration there are several relations between the elements of mass 
customization and environmental sustainability that indicate that mass customization 
does have an effect on the sustainability of a product. In figure 12, the cylinder in the 
center represent concepts, which are typically addressed by researchers and practi-
tioners within mass customization, whereas the rings in the outside center represent 
the elements of sustainability that were found to have a relation to mass customiza-
tion. Eight positive relationships and six negative relationships were identified; how-
ever these numbers cannot be used for concluding that mass customization is more 
sustainable than mass production, since these relations are not unambiguously quanti-
fiable, since they can only be quantified for specific products, as different products 
will have different environmental impacts. What is also interesting is that few ele-
ments of mass customization potentially have both negative and positive effects on 
sustainability compared to mass production. One example of this is the individual 
distribution, which can have both negative and positive impact on the energy efficien-
cy during distribution. 
The analysis concluded that the assessment of whether mass customized products 
are more or less sustainable than similar mass produced products will depend entirely 
on individual product characteristics. Consider two completely different products; an 
automobile and a piece of clothing. The environmental impact profiles of these two 
products are completely different. The automobile will consume much more energy 
throughout the use phase of its lifecycle than consumed during product phase, where-
Fig. 12. The relationships between mass customization (center) and sustainability. The 
dotted lines represent the identified relationships where mass customization potentially has a 
negative influence on sustainability compared to mass production opposite to the solid lines 
where mass customization can be expected to be more sustainable than mass production. 
 
   43 
as a piece of clothing will consume no energy during its lifecycle. Furthermore, an 
automobile is much more likely to be serviced to extend its life cycle and to be reused 
when its original purchaser disposes of it. Hence, the difference between mass cus-
tomized and mass produced products will vary greatly between these two groups of 
products.  
From the results of the analysis, there is no indication that mass customization 
should have the potential to be less sustainable than mass production. The results 
presented can thus be used as guidelines for how to address sustainability issues in 
mass customization by pointing out areas where mass customization is different from 
other business strategies, thereby assisting in tailoring strategies for becoming more 
sustainable. 
6.1 Closed Loop Supply Chains for Mass Customization 
In order to create sustainable products, the concept of closed loop supply chains is 
Fig. 13. Overview of product end-of-life strategies and implications for mass customiza-
tion products compared to mass produced products 
 
44 
essential. A closed loop supply chain is a combination of a reverse supply chain and a 
traditional forward supply chain where the components or materials retrieved from 
products in the reverse supply chain are used to manufacture products for the forward 
supply chain, thus closing the materials loop [Rose, 2000]. Furthermore, shorter 
closed loop supply chains will usually imply a higher sustainability performance, i.e. 
in the future companies, mass customizer as well as other companies, will be faced 
with the challenge of closing the supply chains and making the loop as short as possi-
ble. Rose [Rose, 2000] introduced a hierarchy of end-of-life strategies, where each 
strategy corresponds to a certain closed loop supply chain setup. The hierarchy has 
the following levels: 1) reuse, 2) Service, 3) Remanufacture, 4) recycling with disas-
sembly, 5) recycling without disassembly and 6) disposal. This implies for example 
that reuse is preferred over service as it requires fewer resources, and as well as recy-
cling is preferred over disposal for obvious reasons. 
An analysis has been performed in this project to identify, which challenges arise 
when closing the material loop for mass customized products and more specifically , 
which challenges arise in the different setups. In figure 13, an overview of the differ-
ent end-of-life strategies and their implications for mass customization products, iden-
tified from the analysis, is presented. For the upper 4 levels a number of challenges 
exist which are specific to mass customization products, however a number of charac-
teristics of mass customization products also provide benefits for the different closed 
loop supply chain end-of-life strategies compared to non mass customization prod-
ucts. Finally, no differences were found for the lower two end-of-life strategies be-
tween mass customization and non mass customization products.  To determine how 
the challenges of the end-of-life strategies are different across different product types, 
case studies were conducted, including a generic mass customization product, an of-
fice furniture manufacturer, a computer manufacturer and the automobile industry. 
The case studies showed significant differences in the approaches towards closing the 
supply chain loop, which are due to differences in the characteristics in products. 
Utilizing closed loop supply chains has a great potential in achieving a higher de-
gree of product sustainability, since this will reduce the amount of waste produced as 
well as reducing the demand for raw material production and energy consumption. 
Although only a minor part of mass customizers are utilizing closed loop supply 
chains, the case studies have shown that it can be an attractive business proposition to 
e.g. remanufacture products and resell them. 
6.2 Product Modularity and Sustainability 
It is commonly acknowledged that the usage of modular product architecture is an 
efficient way of creating the product variety necessary in mass customization [Erics-
son & Erixon, 1999; Tseng & Jiao, 1996; Ulrich & Eppinger, 2003]. Furthermore, the 
usage of modular product design has proven to have a number of long term positive 
effects on product development as well as manufacturing and logistics [Pine, 1993]. 
Since modularity is an essential building block of mass customization, an analysis has 
been conducted to investigate to what extent modularity promotes sustainability. This 
analysis was carried by first performing a literature review and compiling a list of the 
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commonly used module drivers and subsequently evaluating how these module driv-
ers are related to basic ECO-design rules found in Karlsson & Luttrop [2006]. Module 
drivers are according to Ericsson and Erixon [1999] the driving forces behind why a 
company would want to develop modular products. Module drivers are so to speak 
the positive effects of modularization seen over the entire life cycle of a product from 
product design through manufacturing, usage and disposal. The module drivers were 
divided into five categories: 1) Localization of changes in product, 2) Variety and 
standardization, 3) Production 4) After sales and 5) Product development. The ECO-
design rules used to evaluate the relationships are adopted directly from Luttrop & 
Lagerstedt [2006]: 1) Do not use toxic substances and utilize closed loops for neces-
sary but toxic ones. 2) Minimize energy and resource consumption in the production 
phase and transport through improved housekeeping. 3) Use structural features and 
high quality materials to minimize weight in products, if such choices do not interfere 
with necessary flexibility, impact strength or other functional priorities. 4) Minimize 
energy and resource consumption in the usage phase, especially for products with the 
most significant aspects in the usage phase. 5) Promote repair and upgrading, espe-
cially for system-dependent products (e.g. cell phones, computers and CD players). 6) 
Promote long life, especially for products with significant environmental aspects out-
side of the usage phase. 7) Invest in better materials, surface treatments or structural 
arrangements to protect products from dirt, corrosion and wear, thereby ensuring re-
duced maintenance and longer product life. 8) Prearrange upgrading, repair and recy-
cling through access ability, labeling, modules, breaking points and manuals. 9) Pro-
mote upgrading, repair and recycling by using few, simple, recycled, not blended 
materials and no alloys. 10) Use as few joining elements as possible and use screws, 
adhesives, welding, snap fits, geometric locking, etc. according to the life cycle sce-
nario. 
The analysis showed that all module drivers are directly influenced by the ECO-
design rules. Furthermore it showed that all but one ECO-design rule influence one or 
more module drivers. There is a major difference in the nature of relations and the 
number of module drivers which a certain ECO-design rule influences. 
Product development involves trade-offs between different module drivers and it 
will thus not be possible to establish an architecture, where the product is designed 
optimally for each individual module driver, and product designers must choose 
which module drivers to focus mostly on and which to focus less on. By doing this, it 
is the intention to achieve the best trade off or a global optimum rather than sub opti-
mizing for certain drivers. This task will become even more complex, when taking 
into account the ECO-design rules. However, clarifying the relations and taking these 
into consideration when developing products will support the transition to greener 
products since the module drivers according to these results can in fact support ECO-
design. 
From a mass customization point of view, a customer looking for a sustainable 
product would more easily be able to customize ”a green product”, because configura-
tors can assist the customer in making suitable choices. This is possible because op-
tions can be presented in accordance with ECO-design rules incorporated in module 












Discussions and Conclusion 
This chapter is divided in four sections. The first section with discussions and conclu-
sions, including diagnoses, analyses and results originating from hypothesis 1 and 
hypothesis 2 and associated research questions, in relation to assessment and meas-
urement of mass customization. The second section with discussions and conclusion 
originating from hypothesis 3 and its related research questions, in the work with 
mass customization and sustainability. The third section indicates further research 
potential in this domain. Several roads to follow for further research can be identified 
based on the research and results presented in the thesis. At least three roads have 
been identified as potential research areas to follow in mass customization assess-
ment and measurement. The last section is an overall conclusion. 
7.1 Assessment and Measurement 
The three different evaluation criteria are used in the detailed analyses of the three 
capabilities could imply some potential discrepancy in the validity of the metrics as 
suggested. The three different evaluation criteria have its origin in different preambles 
in analyses and diagnostics of the three capabilities as one motivation. Another one 
can be related to the progress of the project in fact as explained in chapter 5 Methods 
illustrated in with figure 7 – sums of knowledge opens up for new analysis and diag-
noses. In chapter 8, it is suggested that further research could involve “model of rela-
tionships” which implies an additional full circle analysis of all metrics based a soli-
tary evaluation criteria set. The metrics presented in the thesis are not intended to be 
changed in such additional research, but potential additional metrics could be the 
results of such aligned approach. Based on the workflow, analysis, diagnoses and 
synthesis, it is recommended that any further research in metrics should have its out-
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set in an evaluation and recommendation regarding which of the three criteria should 
be used if not a new should be developed. It is evident that the any industrial applica-
tion assessing or measuring mass customization based on these metrics entails certain 
requirements related to data availability and quality. However, most mass customiza-
tion companies have already systems in place, which are very likely to contain the 
data required for calculating the metrics presented in the thesis. 
There are strong relations between these three capabilities, and phenomena experi-
enced in a company cannot necessarily be attributed to only one capability. If for 
instance the profitability of the solution space changes, it may be difficult to tell, if 
this change can be attributed to changes in the solution space, changes in the manu-
facturing processes lowering manufacturing costs or changes in choice navigation 
leading customers to choose products sold at a greater price.  
One example is the metric configuration abortion rate, which is argued indicates 
how well choice navigation is implemented. However, the configuration abortion rate 
will be strongly influenced by the solution space, i.e. how well the offered variety 
matches the demanded variety. In future research the relationship between the capa-
bilities should be established and the links between all three capabilities need to be 
analyzed. Furthermore, the relations between metrics performance and specific meth-
ods should be addressed so that an assessment could point out not only what a com-
pany should do to improve but also how. 
When performing an assessment and interpreting the values of the metrics, the in-
terpretation should take into account the product type. Also when benchmarking, 
companies manufacturing different products cannot necessarily be compared directly. 
The reason for this is that several metrics are based on the customers’ actions, and 
these actions will depend on the product type. For example a customer buys a custom-
ized car compared to a customized bag of muesli, the customer would probably then 
be more likely to complain or return the car if it has a wrong color compared to the 
muesli, if a wrong ingredient has been added.  In that case, the difference would be 
due to the difference in cost of the products. Furthermore a metric like the repurchase 
rate makes more sense for some product types than others. For example, customers 
are likely to repurchase muesli more often than cars. So this metric would depend on 
to what extent a product can be characterized as a consumable or a durable, and in 
case it is a durable, how long the life cycle is.  
In order to support the development of production in mass customization, metrics 
are needed in order make performance measurement, assessment and benchmarking. 
To establish these metrics, relevant literature has been reviewed and several applica-
ble metrics has been identified. Further metrics have been defined in areas where no 
sufficient metrics could be identified in literature.  
In relation to research in mass customization it is the intention to apply these met-
rics in different types of mass customization companies to analyses what distinguishes 
successful mass customizers. It is the intention that these metrics can be used in mass 
customization companies for different purposes. One purpose is benchmarking 
against “best practice” mass customizers, in order to identify areas with the greatest 
potential for improvement. Another purpose is to use these metrics as key perfor-
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mance indicators which are continually calculated to monitor performance to continu-
ously improve. 
It has been proven that it is possible to establish a framework for assessment and 
measurement of mass customization, which was hypothesis 1. Answering the research 
questions following hypothesis 1 lead to identification that this framework can be 
established based on three fundamental capabilities as proposed by Salvador et al. 
[2009]. It has also been proven that it is possible to establish a set of metrics, which 
are able to assess and measure these three fundamental capabilities in mass customi-
zation. These metrics are a mix of previously suggested by other researchers and 
some are developed during this project. This part of contributions responds to hypoth-
esis 2 and its research questions.  
7.2 Sustainability 
In the research of mass customization and sustainability, limitations have been made 
right from the start of this part of the project, mainly because expert knowledge within 
sustainability was not present. On the other hand, working with sustainable product 
design rules, it was found that sustainable thinking has similarities with engineering 
design rules. This recognition has been the outset in the work with mass customiza-
tion and sustainability and the very early assumption leading to the hypothesis 3 that 
mass customization product design approach will match the need for being sustaina-
ble, or at least not be a hinder or becoming sustainable, and on the other hand being 
green do not necessary hinder that you can become a mass customizer.  
The research results presented in the thesis and the papers included proves that it is 
possible at the same time being both a mass customizer and sustainable. Results indi-
cates that sustainable product design rules like 10 Golden Rules [Luttropp & Lager-
stedt, 2006] or Cradle-to-Cradle rules [McDonough & Braungart, 1992; McDonough 
et al., 2003] works along with design rules for modularity the enabler for mass cus-
tomization. Furthermore results indicate that mass customized products do not hinder 
sustainable thinking adopting closed loop supply chains. Finally results indicate mass 
customization approach neither complements nor clashes with typical strategies for 
handling end-of-life products. 
7.3 Further Research 
A model of the relationships between the metrics across capabilities has to be es-
tablished, along with identification and verification of causal relations. The metrics 
presented in the thesis has to be tested and verified in such a model and potential 
“black holes” has to be identified and covered with additional metrics. This research 
is intended as the next theoretical step. 
Industrial test and validation of the suggested metrics is essential task to perform. 
Several issues have to be addressed in such a test and verification setup. First, the 
expected availability of the data and source of data, which the research has been es-
tablished on, has to be identified, tested and verified. Secondly, the stream of data and 
validity of the data has to be tested and examined, and finally verification and reliabil-
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ity of the metrics has to be calculated and verified. This research is expected as an 
industry related work. 
Furthermore, research must go into development of methods and tools making it 
possible to introduce the metrics into industrial application. Concrete solutions on 
how to establish management dashboards with mass customization information, typi-
cally seen as business intelligence systems, should be developed. This research is 
intended to be done in collaboration with a major business intelligence system suppli-
er. 
Further research in mass customization and sustainability is suggested as collabora-
tion with researchers in sustainable product designs, to test and verify the contribu-
tions from this thesis. 
7.4 Concluding Remarks 
Each paper represents an individual contribution to a scientific problem, and each 
paper can be read as is and the results can be used independently or in relation to the 
other papers. The papers have all been published through various scientific channels 
and each papers problem, analysis, diagnoses, synthesis and results have been re-
viewed, presented and discussed on peer basis.  The initial scientific objective “con-
tribute to existing theory in the field of mass customization” has been fulfilled with 
this thesis three papers in the sustainable domain and six papers in the domain of as-
sessment and measurement, as well as the main and additional objectives to have been 
fulfilled too with the analyses and results presented. 
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